The characteristics of convective clouds on infrared brightness temperature (BT IR ) and brightness temperature difference (BTD) image were analyzed using successive Infrared and Visible Spin-Scan Radiometer (VISSR) data of FY-2, and an integrated detection method of convective clouds using infrared multi-thresholds in combination with tracking techniques was implemented. In this method, BT and BTD thresholds are used to detect severe convection and uncertain clouds, then the tracking technique including overlap ratio, minimum BT change and cross-correlation coefficient is used to detect convection activities in uncertain clouds. The Application test results show that our integrated detection method can effectively detect convective clouds in different life periods, which show a better performance than any single step in it. The statistical results show that the α-type clouds are mostly large-scale systems, and the β-and γ-type clouds have the highest proportion of general type. However, the proportion of weak convective cloud is higher than that of severe ones in γ-type cloud, and an opposite result is found in the β-type.
Introduction
Convective clouds are produced by atmosphere during uplift movement under thermal or dynamic effect, causing strong winds, hail, lightning, heavy rainfall and other severe weather. Improving the accuracy of convective cloud detection and early warning is an important component of modern weather forecast business construction [1] .
Since the 1960s, meteorological satellites have rapidly become a powerful tool for studying convective cloud [2, 3] . The use of satellite data not only broadens convective cloud detection methods, but also monitors areas where conventional data cannot be obtained [4] . The geostationary satellite, which is able to monitor the same area in successive time, has become one of the main ways to detect convective cloud [5, 6] .
There are mainly three convective cloud detection methods based on the geostationary satellite data. The first one is the single-threshold method, which directly detects clouds by employing the infrared brightness temperature (BT IR ) and infrared brightness temperature difference (BTD IR ) threshold values [7] . It is the main method for detecting convection activities in the current operational business [8] . For example, in the established auto nowcasting system of NCAR (National Center for Atmospheric Research), BT thresholds of multiple channels are used for detecting and nowcasting of convective cloud [9] . However, it is easy to misinterpret some cirrus clouds as convective cloud, since their cloud top heights are sometimes similar to each other [10, 11] . The second method is the artificial intelligence algorithm [12] , which achieves the purpose of automatic detection through a large number of samples for training model parameters, such as fuzzy logic theory and neural network [13] . The third method is to track the clouds to confirm if they have the convection characteristics [14] [15] [16] [17] [18] .
For example, Arnaud et al. [19] realized automatic tracking of low-temperature cloud top by applying the overlap area method; Carvalho et al. [20] used the maximum spatial correlation to track and match the mesoscale convection systems.
In the past, the way to detect convective cloud was mainly based on some single methods. However, the research of Huang et al. [21] showed that the combined use of the BT threshold method and the image processing method can effectively detect convective cloud in a wide area. In this paper, we integrated the threshold method with the tracking techniques, and designed a step-by-step detection process for the convection systems of different life periods. Section 2 analyzes the characteristics of BT IR1 , BTD IR1-IR2 , BTD IR1-IR3 and BTD IR1-IR4 of FY-2F images, and tries to determine some reasonable thresholds by making a comparison of different thresholds for detecting convective cloud. In addition to the infrared threshold method, parameters such as the overlap ratio, minimum BT change, and the cross-correlation coefficient [22, 23] at two successive times are also introduced to our method as the tracking process. Section 3 shows the application test results of every detection step by counting the number of cloud clusters and other statistics.
The Infrared and Visible Spin-Scan Radiometer (VISSR) on FY-2 provides data of four infrared channels (IR 1 : 10.3-11.3 µm, IR 2 : 11.5-12.5 µm, IR3: 6.3-7.6 µm, and IR4: 3.5-4.0 µm) and a visible channel (0.55-0.9 µm). In this paper, we adopted geographic Lat/Lon projection of 5 km × 5 km infrared channels data made from the full disc nominal image file in level-1 data and the research scope was determined to be 70
Threshold Determination and Detection Process

Threshold Determination
In order to evaluate the performance of BT IR and BTD images for convection detection, we made  a comparison case of BT IR1 , BTD IR1-IR2 , BTD IR1-IR3 , and BTD IR1-IR4 images on 16 June 2015, shown in Figure 1 , and tried to determine a feasible threshold range. In Figure 1a , the deep blue area indicates the convection area. Also, it could be found that the convection area has a clear boundary with a center, where BT is less than 200 K, which indicates high and strong convection activity. On the BTD IR1-IR2 image, the convective cloud has an irregular texture, and it is easily confused with some cirrus clouds. The convection area of the BTD IR1-IR3 image on Figure 1c is below about 10 K. The margin outline is the same prominence as the BT IR1 image; and on the BTD IR1-IR4 image, the convection area is generally below −20 K. However, its low value zone does not correspond exactly to the position of the convection center, for extremely low value occurs in the non-convection section and the convective boundary. According to the comparison of every image in Figure 1 , we found that the convection activities on the BT IR1 image have more distinct characteristics than other images in the large-scale convective systems. So it could play a major role in our detection method. As regards the other images, they have the ability to detect some convection area and eliminate some non-convection area.
Based on the comparison results, we eventually regarded the BT IR1 image as the major method for "Detection", and the BTD images as the supplement for "Elimination", which means that the BT IR1 image is used to detect the main convection area, and other BTDs are used to eliminate some other clouds, respectively. The next problem is to determinate feasible thresholds for each image. Here, we analyzed the detection result with a series of continuous thresholds. Figure 2 shows the detection result when the BT IR1 threshold changes from 210 K to 250 K. The result shows that the central area of convective cloud is widely detected out when the threshold is under 220 K. When the threshold exceeds 220 K, the detection area spreads from the convection center to the surrounding convection area; and when the threshold changes from 240 K to 250 K, the only enlarged area is mostly cirrus clouds and some possible convective cloud. In order to detect the convective cloud system and not involve much cirrus clouds at the same time, we considered using 240 K to detect the possible convective cloud. The same method for determining the detection threshold is also used for the BTD images in Figure 3 , where three BTD's detection results vary from four thresholds. As can be seen in Figure 3 , it is difficult to distinguish convection from cirrus clouds at any threshold in the BTDIR1-IR2 image. So The same method for determining the detection threshold is also used for the BTD images in Figure 3 , where three BTD's detection results vary from four thresholds. As can be seen in Figure 3 , it is difficult to distinguish convection from cirrus clouds at any threshold in the BTDIR1-IR2 image. So The same method for determining the detection threshold is also used for the BTD images in Figure 3 , where three BTD's detection results vary from four thresholds. As can be seen in Figure 3 , it is difficult to distinguish convection from cirrus clouds at any threshold in the BTD IR1-IR2 image.
So the BTD IR1-IR2 can be used to eliminate the low and middle cloud at a threshold of about 4 K. The BTD IR1-IR3 image has a similar effect to the BT IR1 , and it can eliminate most non-convective areas when the threshold value is set at about 10 K. For the BTD IR1-IR4 image, a better threshold of −16 K was selected because when the threshold varies from −16 to −11 K, the main convection area remains mostly unchanged and the only enlarged area is some cirrus clouds.
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Detection Process
On the basis of the BT threshold method and the tracking method, a step-by-step detection process for convective cloud is designed as Figure 5 :
5 of 5 BTIR (BTmin) becomes lower fast and the ratio of the overlap area between the two successive images becomes high. In this paper, we employed 8 K/h as the BTmin decreasing rate threshold and set 50% as the overlap ratio threshold to confirm whether the detection area has convection characteristics after BT threshold detection process. Furthermore, there are sometimes several cloud clusters meeting the two criterions. To determine whether there is a possible cloud cluster which is growing, we calculated their cross-correlation coefficient. If there is a coefficient value beyond 0.35, we thought the corresponding cloud cluster belonged to convective cloud, or we would skip to next current cloud cluster to restart our detection process.
On the basis of the BT threshold method and the tracking method, a step-by-step detection process for convective cloud is designed as Figure 5 : •
Step 1: detect severe convection center by employing 220 K as the BTIR1 threshold.
•
Step 2: detect preliminary convective cloud by employing 240 K as the BTIR1 threshold.
Step 3: eliminate non-convection area by employing 4 K, 10 K and −16 K as the threshold of BTDIR1-IR2, BTDIR1-IR3 and BTDIR1-IR4, respectively.
Step 4: matching the convection center with the preliminary convective cloud. The cloud cluster will be retained if it contains a convection center, or it will be labeled as uncertain cloud.
Step 5: eliminate the small area of broken cloud by employing four pixels as the threshold.
Step 6: use the same steps above to detect convective cloud an hour before.
Step 7: tracking and matching the uncertain cloud clusters at the previous time t−1 and the current time t0. Firstly, a grid spacing of n m × and the central position P(i, j) is used to express the space range of the uncertain cloud clusters, where m is the longitude direction length and n is the latitude direction length. We then search the current time cloud cluster in the space range of N M × with the central point P(i, j) at t−1, where M 4 m = × and n 4 N × = . In the searching area at t−1, we save the cloud clusters whose BTmin increases beyond 8 K and the overlap ratio beyond 50%. Finally, we calculate the cross-correlation coefficient between the satisfying cloud clusters at t−1 and the current uncertain cloud cluster at t0. The cross-correlation coefficient r is defined as: 
Step 1: detect severe convection center by employing 220 K as the BT IR1 threshold.
Step 2: detect preliminary convective cloud by employing 240 K as the BT IR1 threshold.
Step 3: eliminate non-convection area by employing 4 K, 10 K and −16 K as the threshold of BTD IR1-IR2 , BTD IR1-IR3 and BTD IR1-IR4 , respectively.
Step 7: tracking and matching the uncertain cloud clusters at the previous time t −1 and the current time t 0 . Firstly, a grid spacing of m × n and the central position P(i, j) is used to express the space range of the uncertain cloud clusters, where m is the longitude direction length and n is the latitude direction length. We then search the current time cloud cluster in the space range of M × N with the central point P(i, j) at t −1 , where M = 4 × m and N = 4 × n. In the searching area at t −1 , we save the cloud clusters whose BT min increases beyond 8 K and the overlap ratio beyond 50%. Finally, we calculate the cross-correlation coefficient between the satisfying cloud clusters at t −1 and the current uncertain cloud cluster at t 0 . The cross-correlation coefficient r is defined as:
where T −1 and T 0 are the BT matrices of two cloud clusters to be matched at t −1 and t 0 , respectively. If the highest cross-correlation coefficient we have calculated is beyond 0.35, we save the current cloud cluster as convective cloud, or we will eliminate it. When the detection process is accomplished, the convective cloud is divided into weak convection (BT min > 230 K), general convection (210 K < BT min ≤ 230 K), and severe convection (BT min ≤ 210 K) by BT min , and is divided into α(200 km ≤ L < 2000 km), β(20 km ≤ L < 200 km), and γ(0 ≤ L < 20 km) type by L, where L is defined as:
We can then obtain nine categories that represent the characteristics of different kinds of cloud clusters as shown in Table 1 . Table 1 . Classification standard of convective cloud clusters (L: km; BT min : K). 
< BT
L > 240 α-weak convection (α-SC) β-weak convection (β-SC) γ-weak convection (γ-SC) 220 < L ≤ 240 α-general convection (α-GC) β-weak convection (β-GC) γ-general convection (β-GC) L ≤ 220 α-severe convection (α-WC) β-severe convection (β-WC) γ-severe convection (γ-WC)
Application
In June 2016, southern China suffered from heavy rainfall affected by El Nino, causing some casualties and serious economic losses. Figure 6 shows the FY-2F BT IR1 image at every half hour from 8:30 to 12:30 on 14 June, where two main convection systems are observed in the image. One is the long Meiyu Front cloud belt in the Yangtze River Basin extending from 108 • E to 140 • E, another is the larger-scale convection system in the Bay of Bengal, which is affected by the South Asian summer monsoon region. At the same time, some isolated convection systems in small scale are also found in the west plateau, Pacific Ocean and other regions. For these large-scale cloud systems, their BT min always never change much in short time. Different from the large-scale convection systems, most of the isolated convective cloud only last for several hours. Their BT min changes fast within an hour, and will remain almost unchanged or increased when convective activities begin to disappear. To evaluate the application performance of the integrated detection method, we use the 10:30 image as the case to execute the step-by-step procedures, and track the detected clouds after each step. Figure 7a shows that the severe convection centers, which distributed almost in the Meiyu Front Rain Belt and the Bay of Bengal, and some severe convection centers are also located in the southern part of the plateau and the Philippines. Figure 7b shows the preliminary convective cloud detected with the BT IR1 and BTD process. Although mainly convective clouds are included in the result, many cirrus clouds are also included; for example, some "noise" areas where no convection activities emerge in the summer monsoon cloud system of the Bay of Bengal. Figure 7c shows the severe convection after matching the cloud in Figure 7a,b,d , showing the uncertain cloud, which is widely distributed in the image. The uncertain cloud contains not only the convective cloud but some cirrus clouds such as the small-scale convection in the northwestern Pacific Ocean. The result of the tracking process is displayed in Figure 7e based on the former steps, where some dotted cloud "noises" have been eliminated. Figure 7f is the integrated detection result combining Figure 7c ,e, where some isolated cloud clusters are also well detected. On the whole, the integrated detection process has a better performance than any single-threshold method, especially for the isolated convective cloud. In order to evaluate the detection result after each detection step, we counted the number, mean scale and mean BT of the clouds on Figure 7 . Table 2 shows that there are 19 severe convective cloud clusters with an average scale of 69.7 km, and 61 un-severe convective cloud clusters with an average scale of 27.4 km. The contrast of their average scale suggests that more small-scale cloud clusters might be detected out by using the integrated detection method in this paper. Due to the fact that several severe convection centers may belong to the same convective cloud, the number of cloud clusters is reduced from 38 to 19 after matching the severe convection centers and preliminary detection results. In the 154 uncertain cloud clusters, there are only 61 un-convective cloud clusters. This means that the tracking process using successive time data has eliminated 96 cloud clusters, indicating that our tracking process is valid to distinguish the cirrus clouds from convective cloud. The severe convection is about 9.8 K lower than un-severe convection in terms of the mean BT, which could be inferred that there is more deep convection in the large-scale cloud system. Compared with Figure 6 , we see that in the integrated detection process, the BT threshold method mainly detected the severe convection in large scale, and the tracking process tended to detect more convection which is growing. According to the scale and the BTmin of the convective cloud, the detection result is classified and statistically analyzed, as shown in Figure 8 . In the classification result, the convection activities are mainly distributed in the mid-low latitude. There is more severe convection in the large cloud belt, while the general and weak convection do not have a distinct tendency in the distribution, for we could see them in any area. In the statistical result, it could be discovered that the total number of β-type cloud clusters is the highest, followed by γ-type cloud clusters. In addition, there are only two α-SC clouds which exist in the summer monsoon cloud system of the Bay of Bengal. Among β-type cloud clusters, general convective cloud clusters have the highest number and the weak convective cloud has the lowest number. In the γ-type cloud, a majority of general convective cloud is also found, but the number of severe convection is lower than that of weak convection, probably due to the fact that the γ-type cloud tends to last for a short time and has difficulty attaining a very high cloud top height. In order to evaluate the detection result after each detection step, we counted the number, mean scale and mean BT of the clouds on Figure 7 . Table 2 shows that there are 19 severe convective cloud clusters with an average scale of 69.7 km, and 61 un-severe convective cloud clusters with an average scale of 27.4 km. The contrast of their average scale suggests that more small-scale cloud clusters might be detected out by using the integrated detection method in this paper. Due to the fact that several severe convection centers may belong to the same convective cloud, the number of cloud clusters is reduced from 38 to 19 after matching the severe convection centers and preliminary detection results. In the 154 uncertain cloud clusters, there are only 61 un-convective cloud clusters. This means that the tracking process using successive time data has eliminated 96 cloud clusters, indicating that our tracking process is valid to distinguish the cirrus clouds from convective cloud. The severe convection is about 9.8 K lower than un-severe convection in terms of the mean BT, which could be inferred that there is more deep convection in the large-scale cloud system. Compared with Figure 6 , we see that in the integrated detection process, the BT threshold method mainly detected the severe convection in large scale, and the tracking process tended to detect more convection which is growing. According to the scale and the BT min of the convective cloud, the detection result is classified and statistically analyzed, as shown in Figure 8 . In the classification result, the convection activities are mainly distributed in the mid-low latitude. There is more severe convection in the large cloud belt, while the general and weak convection do not have a distinct tendency in the distribution, for we could see them in any area. In the statistical result, it could be discovered that the total number of β-type cloud clusters is the highest, followed by γ-type cloud clusters. In addition, there are only two α-SC clouds which exist in the summer monsoon cloud system of the Bay of Bengal. Among β-type cloud clusters, general convective cloud clusters have the highest number and the weak convective cloud has the lowest number. In the γ-type cloud, a majority of general convective cloud is also found, but the number of severe convection is lower than that of weak convection, probably due to the fact that the γ-type cloud tends to last for a short time and has difficulty attaining a very high cloud top height. 
Conclusions
An integrated convective cloud detection method based on FY-2 VIRRS infrared data of successive time was put forward in this paper. We employed some reasonable thresholds according to the threshold test and designed a step-by-step detection process. In this method, both the BT threshold detection process and the tracking process are used to detect different kinds of convective cloud, and the application test shows that:
(1) The integrated method is effective for convection in different scales and life periods, especially the isolated convective cloud. However, in the large-scale cloud system, it is easy to misinterpret some cirrus clouds as convective cloud as well. (2) The BT threshold method was capable of detecting convective cloud with a low BTmin more efficiently, and the tracking methods are more capable of detecting convection which is growing. Also, the combined use of overlap ratio, minimum brightness temperature change and cross-correlation coefficient shows a remarkable effect on the elimination process for non-convection area. ( 3) The statistical result shows that the α-type cloud clusters detected by the integrated method are mostly large-scale cloud systems, and the β-and γ-type cloud clusters have the highest proportion of general convective cloud. However, the proportion of weak convection is higher than that of severe ones in γ-type cloud, but it is the opposite in β-type cloud. 
(1) The integrated method is effective for convection in different scales and life periods, especially the isolated convective cloud. However, in the large-scale cloud system, it is easy to misinterpret some cirrus clouds as convective cloud as well. (2) The BT threshold method was capable of detecting convective cloud with a low BT min more efficiently, and the tracking methods are more capable of detecting convection which is growing. Also, the combined use of overlap ratio, minimum brightness temperature change and cross-correlation coefficient shows a remarkable effect on the elimination process for non-convection area. ( 3) The statistical result shows that the α-type cloud clusters detected by the integrated method are mostly large-scale cloud systems, and the β-and γ-type cloud clusters have the highest proportion of general convective cloud. However, the proportion of weak convection is higher than that of severe ones in γ-type cloud, but it is the opposite in β-type cloud.
